ABSTRACT
INTRODUCTION

49
The global market and demand for biogas as a vehicle fuel, electricity production, and even as 50 a heating energy source has had a positive trend. The biogas is produced in household digesters 51 to provide cooking or lightening energy to replace kerosene or LPG, while the larger plants 52 burn it in gas engines to produce electricity or upgrade it to almost pure methane to inject in the 53 gas grids or compress it to CBG (compressed biogas) and sell as car fuel. The traditional 54 substrates utilized for biogas production are municipal solid waste, organic wastes from 55 industrial and agricultural activities, as well as high strength wastewater are. However, these 56 sources are limited, and there is a demand for the development of new technologies utilizing 57 other substrates. Lignocellulosic-rich materials have a great potential as an alternative feedstock 58 for anaerobic digestion, since they are found in high abundance globally.
59
The degradation of lignocelluloses into biogas is a complicated process, since lignocelluloses 60 have a recalcitrant structure which is naturally designed to prevent enzymatic degradation.
61
Lignocelluloses are formed in a compact and crystalline structure and often contain a high 62 amount of lignin. In order to permit degradation of these materials in an anaerobic digester, the 
67
Solvent pretreatment on lignocelluloses was shown to be an effective method due to the low 68 degradation of the carbohydrates in the material under the applied, relatively mild conditions.
69
Furthermore, pretreatment with a solvent does not require neutralization, and almost a complete 70 recirculation of the treating chemical is possible [4] . The pretreatment using the solvent N-71 methylmorpholine oxide (NMMO) has previously been studied on bagasse [5] and on spruce
72
[6] for ethanol production, and on spruce, rice, and triticale straws [7] as well as pure cellulose
73
[8] for biogas production. NMMO is an organic solvent that interrupts inter-and intra-molecular 74 bonds [9] in the lignocelluloses, making the carbohydrates of the material more accessible and 75 thereby facilitating the enzymatic degradation. NMMO is an environmentally friendly cellulose 76 solvent, and used in industrial scale in the lyocell process [10, 11] , where cellulose fibers are 77 treated to produce textile. Since no toxic compounds are produced within the NMMO 78 pretreatment and the recirculation of the solvent is possible [10, 12] , this process can be 79 regarded as environmentally friendly.
80
Techno-economic analysis is a useful tool to examine the profitability and performance of a 81 proposed process. Recently, Shafiei et al [6] performed a techno-economical study on 82 bioethanol production from NMMO pretreated wood. They found that the process is feasible 83 when bioethanol production is combined with a subsequent biogas production utilizing the 84 pentoses. Conversion of lignocellulosic pentoses to ethanol is one of the obstacles in the 85 utilization of lignocelluloses to ethanol, since the ordinary industrial yeast species are unable to 86 assimilate pentoses [13] . Furthermore, the production of biogas from lignocelluloses has several 87 advantages compared to bioethanol production, since the overall energy efficiency is much 88 higher in biogas production compared to that in ethanol production [14] .
89
The focus of this study was therefore to develop a feasible industrial process for NMMO 90 pretreatment and subsequent utilization of forest residues (branches, tops, barks, and needles) and branches.
114
The base case is constructed for 100,000 tons DW (dry weight) forest residues per year.
115
However, capacities ranging from 25,000 to 400,000 tons DW forest residues/year were also 116 studied. The plant is in operation for 7,920 h/year, and the construction material was chosen to 117 be stainless steel 304. The cost index was set at 2012. consists of a gas compressor, an absorption tower where the carbon dioxide is absorbed in rich, which has a high heating value, and can be used as fuel for combustion in combined heat 167 and power (CHP) plants [24] . In this study, the dewatered digestate is sold to CHP plants. 168 However, due to the high nutrient value, the digestate residue can also be used as a fertilizer in 169 agriculture or on forestland. Consequently, the dewatering process would then be unnecessary. is a sum of these costs and was 329% of the equipment purchase cost at base conditions. The 180 total indirect plant costs, such as engineering (25% of DC) and construction fee (35% of DC)
181
was based on the equipment purchase cost, and was obtained by the above-mentioned software.
182
The fixed capital investment (FCI) was calculated as a sum of the direct costs, the indirect costs, 183 the contractor's fee, and the contingency. The contractor's fee and contingency were estimated 184 to be 5% and 10%, respectively, of the sum of the direct cost and the indirect cost together [26] .
185
The project is regarded as 100% equity financed. The project life is set to 20 years and the 186 depreciation period to 10 years. The construction period is set to 30 months and a startup period 187 of 4 months is used. The working capital was assumed to be 5% of the fixed capital investment 188 [27] , and the cost index for all calculations was set at 2012.
189
The annual operating cost was calculated as the sum of the expenses for raw materials, utilities,
190
labor, waste management, and facility dependent cost and can together with the product prices 191 be found in Table 1 . The maintenance and insurance costs are regarded as facility dependent 192 operating costs, and are together 1 and 2%, respectively, of the total plant capital costs [28] [29] [30] .
193
The methane price used in the present study was the price of methane sold in the market in The cash flow analysis was performed in order to study the effect of the methane price, the 218 water consumption in the washing step following the NMMO pretreatment, and the price of the 219 feedstock on the economic feasibility of the process under different scenarios. A co-digestion 220 study where the forest residues were co-digested with sewage sludge instead of OFMSW was 221 also performed, as well as a scenario where only forest residues were digested. 20.39% after taxes, at a process time of 20 years.
255
The costs for the distribution of the upgraded methane into the distribution gas grid, were 
261
[34], the price for gas grid distribution, compression, and tank stations are set to 0.285 €/kg 262 methane.
263
The total annual operating costs divided into different cost items are presented in Figure 4 . The 264 costs of the raw materials have the highest share of operating costs, followed by facility 265 dependent costs, which include maintenance, depreciation, insurance, and other factory as a function of the plant capacity is presented in Figure 6 . The revenue per unit was calculated 279 as being 2.12 €/kg produced methane, which is higher than the production cost for all plant This is in contrast to the IRR of the plant size of 25,000 tons per year, which was 5.08% prior 283 to taxes.
284
The economic feasibility of the process was further analyzed through different scenarios. The Furthermore, the price of the produced methane has a large impact on the IRR, while the cost 293 of forest residues has a minor effect. 
Co-digestion scenarios
296
In order to achieve a proper C/N ratio, forest residues can be co-digested with other nitrogen 297 rich substrates. Sludge from wastewater treatment (sewage sludge) has been studied as an 298 alternative co-digestion source. Due to the high nitrogen content, one part of sewage sludge 299 together with two parts of forest residues result in an optimum C/N ratio of about 20, compared 300 with two parts of OFMSW and one part of forest residues in the base case (Table 3 ). In Sweden,
301
biogas plants get paid for the digestion of sewage sludge (Table 1) , which will increase the unit 302 revenue. However, our calculations showed that the co-digestion with sludge results in a unit 303 production cost of 2.78 €/kg and a unit revenue of 2.75 €/kg. The IRR of the process was 304 calculated as being 3.52% (Table 3) , which is lower than the financially feasible limit of 15%
305
and is therefore considered to be a non-feasible solution.
306
The process can be further designed to digest forest residues exclusively, which is not a real 307 scenario, since it is unfavorable to digest forest residues by itself due to the low nitrogen 308 content. However, the simulation of the pretreatment and anaerobic digestion of forest residues 309 only can give us a better insight in the contribution of forest residues in the co-digestion process.
310
With the exclusive digestion of forest residues, the IRR is negative (Table 3 ). The unit 311 production cost has increased to 9.35 €/kg CH4, while a higher unit revenue comes from the 312 higher fraction of lignin in the digestate residue which was sold to a combustion plant.
313
Moreover, a sensitivity analysis has been performed in order to study the effect of different 314 scenarios when only the forest residues are digested ( 
Anaerobic digestion versus combustion
323
The energy produced from anaerobic digestion of NMMO-pretreated forest residues can be 324 compared with the energy production of the same amount of forest residues when incinerated. concluded that the combustion of forest residues in CHP will yield about 1.5 times more energy 333 compared with that in the anaerobic digestion.
334
There are another aspects that should also be considered when comparing anaerobic digestion 335 or combustion of forest residues. Utilization of these materials for vehicle fuel production is In order to reach a financially viable process for the digestion of pretreated forest residues, the 356 methane price needs to be increased substantially. This could perhaps partly be reached by The use of the biogas produced from the anaerobic digestion of the NMMO pretreated forest 363 residues in a CHP plant was shown to be a less attractive alternative compared with the 364 combustion of the same amount of forest residues. These two processes, however, produce 365 electricity and heat, while the anaerobic digestion process produces high-valued vehicle fuel.
366
Another advantage of producing biogas from the forest residues, compared with combustion, is 367 that the digestion of the feedstock results in a rich solid residue. In this study, this residue is 368 calculated as being sold to combustion plants. As an alternative, it could also be used as a 369 nutrient rich fertilizer. The use of the solid residue as a fertilizer is a sustainable way of 370 recycling the nutrients back into the soil, and also structural material being placed back into the 371 soil.
372
Compared with co-digestion of forest residues with OFMSW, the digestion of only pretreated 373 forest residues has a negative IRR. 
CONCLUSIONS
390
The possible co-digestion of NMMO pretreated forest residues together with the organic 391 fraction of municipal solid waste is an economically feasible process with an IRR over 15%. In Table 3 . Co-digestion scenarios with forest residues, OFMSW, and sewage sludge. Table 4 . Sensitivity analysis for the digestion of forest residues only. forest residues -20% % IRR
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